http://www.eje.cz limited to feeding on plants in the order Brassicales such as cabbages and mustards, that are characterized by their production of secondary plant metabolites called "glucosinolates" (Hopkins et al., 2009 ). These compounds are hydrolyzed into wide range of biologically active compounds, including isothiocyanates, which are toxic or repellent to many insect herbivores (Renwick, 2002; Hopkins et al., 2009) . Other specialist insect herbivores in different families are also adapted to plants producing alkaloids, iridoid glycosides, and furanocoumarins (Wink 2003; Schoonhoven et al., 2005) . The presence of these compounds is generally required to stimulate oviposition and/or feeding behaviour in the adult and larval stages respectively (Schoonhoven et al., 2005) . It is known that specialist herbivores have evolved highly refi ned strategies to deal with the toxic effects of secondary plant metabolites. These strategies include detoxifi cation, excretion and sequestration (Schoonhoven et al., 2005) . In spite of this, specialist herbivores often become adapted to a small number of plant species in their own habitats.
INTRODUCTION
In insect herbivores, dietary quality of the food plant represents a major constraint on growth, survival, development and fi tness (Awmack & Leather, 2002) . Primary metabolites, such as nitrogen and amino acids, are important for insect growth although even the most nutritious plants often contain sub-optimal levels of these important metabolites . Furthermore, most plants produce secondary metabolites which are often toxic and may thus hamper development and survival. Differing concentrations of primary and secondary metabolites in plants may have opposing effects on insect development, and these may be expressed in complex ways such as via root and shoot herbivory (Huang et al., 2013) . Indirectly, plant quality may also affect herbivore survival by extending the duration of immature development, hence making herbivores more susceptible to natural enemies such as parasitoids and predators (the "slow-growth-high-mortality-hypothesis", Clancy & Price, 1987; Benrey & Denno, 1997) .
The vast majority of insect herbivores are specialists, feeding on only a restricted number of plant species which contain phylogenetically-conserved secondary metabolites (Loxdale et al., 2011) . This is the end-result of a long coevolutionary arms race involving plants and insect herbivores (Ehrlich & Raven, 1964; Wheat et al., 2007) . For instance, many butterfl y species of the family Pieridae are Eur. J. Entomol. 113: 320-324, 2016 doi: 10.14411/eje.2016.041
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a rearing history) than on R. acetosa, and (2) M. brassicae from the fi eld strain will perform equally well on the two plant species, owing in part to the recognized high quality of B. oleracea as a food plant for this herbivore, and because the longer term developmental history of this strain is unknown.
MATERIALS AND METHODS

Plants
Cabbage plants were grown in greenhouse facilities at Unifarm adjacent to Wageningen University (WU). Three-week old plants were transferred to the Netherlands Institute of Ecology (NIOO) and grown in greenhouses with supplemented light (halide lamps) at 23 ± 2°C (day) and 16 ± 2°C (night) with a 16L : 8D regime. Nutrient solution was added to the plants twice per week. R. acetosa plants were grown from seeds collected close to NIOO, under the same conditions as the cabbage plants. All plants of both species were 5-6 weeks old when used in experiments. Both plants were used in these experiments when they were in early stages of development but when they had attained a signifi cant proportion of their leaves and were approaching maximum mass.
Insects
The cabbage moth, M. brassicae is a so-called generalist (= polyphagous) species and feeds on many herbaceous plants in nature. The species is univoltine. Female moths typically lay batches of eggs on plants in early to mid-summer. Newly hatched caterpillars are very motile and rapidly disperse at hatching to feed and whilst they may feed on the natal plant, many will leave this and feed on taxonomically unrelated neighbouring plants. The larvae complete fi ve instars and at maturity abandon the food plant and burrow into the soil where they pupate. The pupae overwinter in the soil and adult moths emerge late the following spring.
M. brassicae from the lab strain were originally collected in cabbage fi elds in Wageningen, The Netherlands in the early 1990s. Thereafter they have been exclusively reared on cabbage (cv. Cyrus) for more than 20 years. Male and female moths were placed in groups of approximately ten (fi ve of each sex) into plastic fl asks containing a vermiculite base and 20% sugar solution absorbed into cotton wool in a small plastic vial. Blotting paper was placed around the inside of the fl ask and as a lid secured by an elastic band. The females lay batches of eggs directly onto the paper. Newly hatched larvae were placed in large aluminium rearing cages (40 × 40 × 60 cm) containing t cabbage plants. New plants were added as necessary. Pre-pupae were collected from the cages and placed in plastic boxes (25 × 10 × 10 cm) containing a layer of vermiculite into which they pupate.
The fi eld strain of M. brassicae was collected as large egg batches (> 100 eggs) from leaves of R. acetosa in Wageningen, The Netherlands, in August, 2013. They were reared the same way as the lab strain for one generation on R. acetosa. The second generation was then used for experiments on the two food plant species.
Development of M. brassicae on Rumex acetosa and Brassica oleracea
Eggs of M. brassicae were collected on cabbage plants and sorrel plants from the two strains that had been reared separately. Upon hatching, for each plant species (hence ten for each strain) approximately 100 neonate larvae were placed into fi ve separate plastic boxes (18 × 10 × 10 cm) containing excised leaves of either R. acetosa or B. oleracea (based on where caterpillars hatched). Excised leaves were used because 1 st instar larvae are tiny and easier to track during the fi rst instar when they are in closed containers. The larvae were developed on these excised & Minkenberg, 1997; Singer et al., 2002) . For this reason generalists have often evolved different strategies to deal with plant toxins than specialists; the latter are also generally better adapted at dealing with specifi c kinds of allelochemicals produced by plants on which they have evolved (Reudler et al., 2011) . One means with which generalists are able to cope with plant toxins over time is through longterm adaptation to the same plant species or related plants with phylogenetically conserved secondary metabolites (Thöming et al., 2013) . In this scenario, the mother tends to lay eggs on the plant on which she developed, and so on over the course of many generations. Adaptation to plants in this situation has recently been referred to as "composite generalization" (Hägele & Rowell-Rahier, 1999; Singer, 2001) and is the fi rst evolutionary step towards reproductive isolation, dietary specialization and potential speciation in a generalist herbivore (Loxdale et al., 2011; Loxdale & Harvey, 2016) .
In this study we compare and contrast development of two strains of the cabbage moth, Mamestra brassicae (L.) (Lepidoptera: Noctuidae) when developing on a cultivated plant, Brassica oleracea (L.), and an unrelated wild species, the sorrel, Rumex acetosa (L). Both plants are phylogenetically unrelated and possess very different specialized secondary metabolites that have evolved to repel herbivores and/or pathogens. Cultivated cabbage is derived from wild ancestors that grow naturally along the coastlines of northwestern Europe (Mitchell & Richards, 1979) . Wild cabbage populations exhibit signifi cant genetic variation in the expression of glucosinolates (GS) at relatively small spatial scales (Gols et al., 2008) . Cultivated cabbages have generally been bred to reduce concentrations of GS, making these plants highly susceptible to attack from both generalist and specialist insect herbivores (Gols et al., 2008; Chen et al., 2015) . Sorrel is a widespread plant that is native to Eurasia (Korpelainen, 1992) and is characterized by the production of fl avonoids, tannins, fl avone C-glycosides and fl avonol O-glycosides (Kato & Morita, 1990) although the biological effects of these compounds on insects and pathogens has as far as we know not yet been studied.
A wild strain of M. brassicae was collected as eggs from leaves of R. acestosa plants in the fi eld and then reared for two successive generations on the plant; the other strain was originally collected from cultivated cabbage plants in the early 1990s and has been subsequently reared continually on the same plant for over 20 years, representing a minimum of more than 200 consecutive generations on cabbage. Both strains are based on large numbers of individual insects. The two plant species studied here are perennials and individual plants may live up to several years in the fi eld, although cultivated cabbages are generally only allowed to grow for a single growing season. Here, different fi tness correlates of the two strains were compared and contrasted when reared on the two plants. Larval survival, development time to pupation and pupal mass were measured in the two M. brassicae strains on the two plant species. The main hypotheses were (1) M. brassicae from the lab strain will develop better on cabbage (on which it has leaves until they were in the late fi rst (L1) instar; at this stage they were placed in groups of 20 in cages containing either four cabbage or four sorrel plants. For each strain/plant treatment fi ve cages were used. The larvae were allowed to feed and move about on the plants. Fresh plants were provided as necessary to ensure that food supply for larval development was not limiting. Prepupae were collected and placed in plastic boxes according to cage number and food plant (as described above) until pupation. Fresh pupae were weighed on a Mettler Microbalance (accuracy 1 μg). Development time was determined as the number of days between hatching and pupation; survival was determined as the percentage of larvae (out of 20 per cage) that successfully pupated.
Statistical analyses
All statistics were performed on MINITAB (State College, PA, USA) program number 16.
Data on development time and pupal mass were analysed using two-way ANOVAs with plant species and herbivore strain as factors, with fi ve cages per treatment as units of replication. For survival the number of larvae surviving per cage and treatment was determined and the resulting data sets analysed per cage using ANOVA. Multiple ad hoc comparisons were made using TukeyKramer tests. All data was normally distributed and thus transformations were not required.
RESULTS
Survival, development time and pupal mass of wild and lab strains of Mamestra brassicae on Rumex acetosa and Brassica oleracea
Survival of M. brassicae to the adult stage did not vary signifi cantly with herbivore strain (F 1,16 = 2.63, P = 0.124) nor with plant species (F 1,16 = 0.81, P = 0.381). The interactive effect on these parameters was also not signifi cant (F 1,16 = 0.03, P = 0.859). Both plants were of high suitability for M. brassicae development, with > 75% of all caged caterpillars successfully pupating (Fig. 1A) .
There was, however, a highly signifi cant difference in larval-pupal development time between the two strains of M. brassicae when developing on R. acetosa and B. oleracea plants respectively (F 1,322 = 274.39, P < 0.0001). Furthermore development time varied signifi cantly in both strains of M. brassicae on the two food plant species (F 1,322 = 803.71, P < 0.0001), although this parameter did not differ signifi cantly amongst individual caterpillars developing in different cages (F 4,322 = 1.31, P = 0.0264). Interactive effects were signifi cant for strain/cage (F 4,322 = 7.51, P < 0.0001) and strain/plant (F 1,322 = 40.18, P < 0.0001) but not for cage/plant (F 4,322 = 2.20, P = 0.068). Most notably, caterpillars of both M. brassicae strains developed much more rapidly when reared on sorrel than on cabbage plants (Fig.  1B) . The difference was greater in the lab strain, which took almost 4 additional days on average to pupate when developing on B. oleracea compared with R. acestosa.
Pupal mass of M. brassicae also varied signifi cantly with herbivore strain (F 1,322 = 8.68, P < 0.01) plant species (F 1,322 = 21.71, P < 0.0001) and cage (F 4,322 = 10.57, P < 0.0001). There were also signifi cant interactive effects between herbivore strain and plant (F 1,322 = 9.48, P < 0.01) and cage and plant (F 4,322 = 2.58, P = 0.037). The interaction between strain and cage was not signifi cant (F 4, 322 = 0.88, P = 0.474). Pupae of the fi eld strain were slightly smaller when reared on the natal plant (sorrel) whereas other pupal masses of the two strains on the two plant species were approximately similar (Fig. 1C) . 
DISCUSSION AND CONCLUSIONS
Like many generalist herbivores, neonate larvae of M. brassicae rapidly disperse at hatching and the caterpillars may therefore feed on plants other than the natal plant on which the mother oviposited (J.A. Harvey, pers. observ.) . In nature, M. brassicae is also known to feed on a wide range of plant species with very different secondary metabolites (Robinson et al., 2010) . The domesticated strain of M. brassicae used here had, however, been reared for many consecutive generations on a cabbage cultivar. Despite this, it developed to the pupal stage signifi cantly faster (almost 4 days) when reared exclusively on leaves of a wild plant, R. acetosa, than on cabbage. Moreover, we unexpectedly found that pupal mass of the fi eld strain was smaller when reared on R. acetosa, whereas pupae of the laboratory strain were of equal mass on both food plants.
These results shed interesting light on important aspects of development related aspects of plant-herbivore interactions. For instance, at least in the lepidopteran species M. brassicae and strains studied here, a long-term association with a plant species (cabbage) had little effect in making that plant of higher quality in terms of development time compared with an unrelated wild plant species. Long-term adaptation represents an important foundation of evolutionary theory in plant-herbivore interactions (Via, 1990) . In this scenario, repeated exposure to a plant over the course of many generations physiologically "conditions" a herbivore strain or genotype to that plant species, enabling it to outcompete conspecifi cs which are physiologically naïve to the plant (Witham & Slobodchikoff, 1981; Strauss & Karban, 1994; Egan & Ott, 2007) . In our study, the lab strain of M. brassicae developed much faster on R. acestosa without any negative effect on pupal mass, even though it had been continually reared on cabbage for over 20 years and approximately 200 generations (given that it completes ~10 generations a year under lab conditions). The lab strain had originally been collected on leaves of cultivated cabbages, and it had not been replenished with fresh fi eld material at all in the intervening decades.
Cultivated cabbage and related domesticated plants (e.g. B. napus) have long been considered as the main food plants of M. brassicae, hence its name, the "cabbage moth". Crops derived from wild cabbages (e.g. Brussel's sprout, white cabbage, red cabbage, caulifl ower) are grown over most of the world in large scale agriculture. Even so, wild cabbage is, however, not a naturally occurring plant over most of continental Europe, revealing that M. brassicae must be well adapted to exploit other wild plants with which it may have co-evolved over a long period of time and where cabbage cultivars are absent. Wild cabbages are native and restricted to the coastlines of Europe, including the British Isles, France and Spain (Lanner-Herrera et al., 1996) . Recent lab studies have shown that, while some wild cabbage populations are suitable for the development of M. brassicae, others are not (Gols et al., 2008; Harvey & Gols, 2011) .
Mamestra brassicae is a generalist herbivore that, along with several other generalist noctuid herbivores, deals with ingested plant toxins by metabolizing at least a proportion of the ingested allelochemicals (Schramm et al., 2012) . It is an unusual herbivore in that it is capable of dealing with toxins from plants that are highly toxic to both related generalist (e.g. Noctuidae) and unrelated specialist herbivores. For instance, the warty cabbage, Bunias orientalis (L.), is a large, brassicaceous plant native to western Asia that has recently become an abundant invader in parts of Europe over the past 30 years (Dietz et al., 1999) . The plant is toxic to most herbivores, including other generalist noctuids and several brassicaceous specialists including the larvae of cabbage butterfl ies (Pieris spp.) and the diamondback moth, Plutella xylostella (Harvey et al., 2010; Fortuna et al., 2012) . By contrast, M. brassicae performs very well on this plant (Harvey et al., 2010 ) and large numbers of its larvae have been found on B. orientalis in Germany (J.A. Harvey, pers. observ.) .
In summary, a laboratory strain of M. brassicae developed better on a wild plant (R. acetosa) despite being intimately associated with a laboratory strain of cabbage (B. oleracea) for many years. These results, at least in the context of this herbivore species and its plant associations challenge previous work (e.g. Schoonhoven & Meerman, 1978) as well as existing theory in terms of long-term adaptation. We argue that the outcomes of these interactions are likely to be association-specifi c and to refl ect various ecophysiological aspects of the species under investigation, but at the same time we caution against making overly broad generalizations. It is envisaged that further research incorporating a wider spectrum of plant types as well as other herbivores will shed more light on the validity of long-term adaptation in generalist and perhaps even specialist insect herbivores as well.
